5
cells was set at 1-2 µm to discriminate fluorescence emitted from nuclear versus nonnuclear regions. Fluorescent probes were excited (at 488 nm) using an Argon-Krypton visible laser (Omnichrome), and emission spectra collected using a 510 nm-long pass dichroic beam splitter and a 515 nm-long pass emission filter. Confocal images were acquired by scanning a field at 16 s per frame. Fluorescence intensity in the nucleus versus cytosol was determined with ANALYZE on a Silicon Graphics Iris Indigo computer. Nuclear accumulation was expressed as the ratio of nuclear over cytosolic fluorescence (27, 29) .
Ran immunofluorescence -To localize the monomeric GTPase Ran, cardiomyocytes were fixed, permeabilized and labeled with an anti-Ran monoclonal antibody (32) . Optical z-sections of cells (0.2 µm) were acquired with a 1300 YHS CCD camera (Princeton Instruments) using an objective mounted on a piezo-electric controller driven by the Metamorph software (Universal Imaging; 33). Images were processed by the Imaris software (Bitplane) using the isosurface module (for 3-D reconstruction) following digital deconvolution (Huygens, Scientific Volume Imaging; 33).
Nucleotides -To determine nucleotide levels, perchloric acid cardiomyocyte extracts were prepared (34) . Cells, washed with ice-cold PBS and immersed into liquid nitrogen, were layered with 0.6 M HClO 4 and 1 mM EDTA, and centrifuged (12,000 rpm, 4°C, Hermline Z230 MA microcentrifuge, Labnet). Supernatant was neutralized with 2 M K 2 HCO 3 , and precipitate removed by centrifugation. ATP was measured in supernatant using a coupled enzyme assay in 25 mM Tris-HCl buffer (pH 7.5), 2 mM MgCl 2 , 2 mM glucose, 1 mM dithiotreitol, 50 µM NADP + , 20 µM diadenosine pentaphosphate, 4 U/ml of hexokinase and 2 U/ml of glucose-6-phosphate dehydrogenase. NADPH levels, reflecting ATP concentration, were measured using a fluorometer with a minicell kit (Turner TD-700). ATP, GTP and GDP were also determined by HPLC (System Gold, Beckman) using a QHR5/5 column (Pharmacia). Nucleotides were eluted with a linear gradient of triethylammonium bicarbanonate buffer.
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Enzyme activities -Cells were extracted with (in mM) 150 NaCl, 60 Tris-HCl (pH 7.5), 5 EDTA, 1 PMSF, 10 µg/ml leupeptin, 1 µg/ml aprotinin and 0.2% Triton X-100, and centrifuged (10,000 g, 4°C). Creatine kinase activity was measured, with a Beckman DU 7400 spectrophotometer, in (in mM) 100 Tris-acetate (pH 7.5), 20 glucose, 2 EDTA, 10 MgCl 2 , 2 dithiothreitol, 2 NADP + , 2 ADP, 5 AMP, 20 creatine phosphate, 20 µM diadenosine pentaphosphate, 4.5 U/ml hexokinase, and 2 U/ml glucose-6-phosphate dehydrogenase (35) . Adenylate kinase was measured in (in mM) 100 K + -acetate, 20 HEPES (pH 7.5), 20 glucose, 4 MgCl 2 , 2 NADP + , 1 EDTA, 1 dithiothreitol, 2 ADP 4.5 U/ml hexokinase and 2 U/ml glucose-6-phosphate dehydrogenase (35) .
Electron microscopy -Cardiac nuclei were imaged with transmitted (TEM) and field-emission scanning electron microscopy (FESEM). Cardiomyocytes were fixed in 0.1 M PBS containing 1% glutaraldehyde and 4% formaldehyde (pH 7.2). For TEM, cells were post-fixed in phosphate-buffered 1% OsO 4 , stained en bloc with 2% uranyl acetate, dehydrated in ethanol and propylene oxide, and embedded in low-viscosity epoxy resin.
Thin (90-nm) sections were cut on a ultramicrotome (Reichert Ultracut E), placed on 200-µm mesh copper grids, and stained with lead citrate. Micrographs were taken on a JEOL 1200 EXII electron microscope operating at 60 kV. For FESEM, cardiomyocytes were stripped of sarcolemma, using a hypotonic solution followed by a 5-min treatment with 1% Triton X-100 (29) . Sarcolemma-stripped cardiomyocytes, were fixed in situ with 1% gluteraldehyde and 4% formaldehyde in PBS (pH 7.2). The specimen was rinsed in 0.1 M phosphate buffer (pH 7.2), and buffer supplemented with 1% osmium. Cells, dehydrated with ethanol and dried in a critical point dryer, were coated with platinum using an Ion Tech indirect argon ion-voltage of 9.5 kV and 4.2 mA, and examined at accelerating voltages (1.0, 2.4, 3.5, 5.0 kV) on a JEOL JSM 6400 field emission scanning microscope.
Atomic force microscopy -Contact-mode atomic force microscopy (AFM) was performed in air with silicon nitride NP-S tips (spring constant: 0.58 N/m) using a Digital Instruments Multimode AFM with a Nanoscope III controller (29) . The nuclear envelope 7 of sarcolemma-stripped and fixed cardiomyocytes was scanned with an E-type (15x15 µm maximum area) scanner. Images were collected by raster scanning at 512 pixels/line with linear scanning frequencies ranging from 5 to 15 Hz to build 512x512 pixel images. AFM images were analyzed using Nanoscope IIIa software, and three-dimensional images generated from topographical height information. Open and closed states of individual nuclear pore complexes were determined from 3x3 µm scans. To determine whether down-regulated transport of fl-H1 was due to hypertrophy, rather than to a non-hypertrophy related effect of phenylephrine, we evaluated nuclear transport in cells in which hypertrophy was induced through another receptor system.
Statistics -
Angiotensin II (100 nM), which acts via angiotensin receptors (12) , also induced hypertrophy and cell surface increased from 933±57 (n=81) to 2176±288 µm 2 (n=24; at 48 h treatment). In angiotensin II-treated cells, nuclear import of fl-H1 was also rapidly reduced within 12 h, and the nuclear/cytoplasmic ratio decreased by 57% (from 3.35±0.23, n=47 to 1.43±0.34, n=12; p<0.05).
Like phenylephrine and angiotensin II, the purinergic agonist, ATP, activates the phosphoinositide pathway, without, however, inducing hypertrophy (40) . Inositol trisphosphate (InsP 3 ), a product of this pathway, releases Ca 2+ from nuclear cisterna, and can inhibit nuclear import (27, 39, 41) . To exclude the possibility that impaired transport Delayed inhibition of nuclear passive diffusion in hypertrophy -Small molecular weight molecules, such as dextrans, commonly lack a nuclear localization signal and passively diffuse into the nucleus (39) . When microinjected in the cytosol, fluoresceinconjugated 10-kDa dextrans diffused readily into the nucleus of control cells (Fig. 1 ).
With development of hypertrophy, passive diffusion appeared unaltered with nuclear/cytoplasmic ratios at 1.66±0.12 (n=12; 12 h) and 1.78±0.08 (n=17; 24 h), values 9 not significantly different from the control ratio of 1.58±0.18 (n=4, p>0.05; Fig. 1 ).
Passive diffusion of 10-kDa dextrans decreased only in advanced stages of hypertrophy.
In fact, 48 h were required after initiation of hypertrophy for significant reduction in the nucleocytoplasmic ratio (0.65±0.04, n=5; Fig. 1 ). Even smaller molecules, such as 3-kDa dextrans, demonstrate unregulated diffusion across the nuclear membrane (27, 29) regardless of the hypertrophic state. The nuclear/cytoplasmic ratio for 3-kDa dextrans was 1.92±0.10 (n=16) and 1.99±0.10 (n=14) in control and following 48 h of phenylephrine treatment, respectively (p>0.05).
Removal of the hypertrophic signal restores nuclear import -With removal of the α 1 -adrenoceptor agonist, cells progressively returned to their original size. At 48 and 72 h after withdrawal of phenylephrine, cell surface was 910±103 (n=11) and 750±40 µm 2 (n=77), values close to those obtained prior to hypertrophy (Fig. 2) . With reversal of the hypertrophic phenotype, active nuclear import was partially restored with a nuclear/cytoplasmic ratio of 1.94±0.21 (n=11). This represents an increase to 61% of control, compared to ~25% of control at 12 and 48 h of hypertrophy (Fig. 2) . With removal of the hypertrophic stimulus, passive nuclear diffusion promptly returned to prehypertrophy values with a nuclear/cytoplasmic ratio of 2.08±0.10 (n=9) within 48 h of phenylephrine withdrawal (Fig. 2) . Thus, the increase in cell size and the down-regulation of nuclear import are reversed on removal of the hypertrophic signal.
Hypertrophy favors export through redistribution of nuclear transport factors -
With hypertrophy, a more dense actin network may have impeded transfer to the nuclear surface, thereby precluding nuclear import. Cytochalasin B (20 µM), a disrupter of cytoskeleton (43) , reduced the organized actin networks, but did not improve nuclear import in hypertrophied cells (data not shown). Rather, in hypertrophy, an increased amount of mRNA needs to be transported from the nucleus into the cytosol (1-3, 9, 11).
Optimal nuclear export requires a high cellular GTP/GDP ratio, along with nuclear availability of the GTP-binding protein, Ran (20, 21, 32) . Here, the GTP/GDP ratio by guest on November 6, 2017
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Moreover, Ran immunofluorescence, while diffusely distributed throughout control cardiomyocytes, was primarily confined to the nucleus of hypertrophied cells (Fig. 3A-C) .
Thus, cellular hypertrophy promotes rearrangement of nuclear transport factors that favor export over import.
Inhibition of nuclear export restores import -The Streptomyces metabolite, leptomycin B, is a potent inhibitor of nuclear export through binding to exportin, the export shuttle protein (44) . Treatment of hypertrophied cardiomyocytes with 10 nM leptomycin B, a concentration that blocks nuclear export (44) (45) (46) , restored nuclear import of fl-H1 in the majority of cells (Fig. 3D ). Nuclear import of fl-H1 in hypertrophied cells was 0.29±0.08 (n=9), but increased 7-fold to 2.23±0.50 (n=11; p<0.05) after leptomycin treatment. Thus, down-regulated nuclear import in hypertrophy can be rescued by an inhibitor of nuclear export.
Reduced nucleotide levels and phosphotransfer activities in hypertrophy further
impede nuclear import -ATP and GTP provide energy for nuclear transport or regulate assembly and disassembly of transport complexes (15, 16, 47) . Depletion of energy stores inhibits nuclear import (29) . Here, in hypertrophied cells, ATP was reduced from 23±2 to 19±1 nmol⋅mg protein -1 (p<0.05; Fig. 4 ). This was accompanied by lower intracellular GTP levels, which dropped from 3.1±0.2 to 2.1±0.1 nmol⋅mg protein -1 in control and hypertrophied cells, respectively (p<0.01; Fig. 4 ). Creatine kinase and adenylate kinase facilitate delivery of high-energy phosphoryls to cellular ATP/GTP-utilization sites (34, 48) . In hypertrophied cardiomyocytes, the activities of both enzymes decreased.
Adenylate kinase activity dropped from 565±23 to 242±7 nmol⋅min 
Closure of nuclear pores in hypertrophy -Changes in cellular energetics can
induce structural changes in cardiac nuclear pores (29) . Thin electron microscopy sections of cardiomyocytes showed that nuclear pores were present at similar density in control and hypertrophied cells, with no detectable size difference (Fig. 5A) . At this resolution, the diameter of opening of nuclear pores was 51.0±1.5 (n=30) and 50.8±1.2 nm (n=62) for control and hypertrophied cells, respectively. Following peeling of the sarcolemma to expose the nucleus (Fig. 5B ), the nuclear envelope was scanned by atomic force microscopy. High resolution imaging of the cytoplasmic surface of individual nuclear pore complexes showed the characteristic toroid-shape structure comprising a deep central pore surrounded by a ring-like distribution of peaks (Fig. 5C left) . In hypertrophy, the central pore appeared plugged ( import. This is accomplished by remodeling nuclear pores and cellular energetics, along with a redistribution of nuclear transport factors favoring nuclear export over import.
12
Thus, this study uncovers a homeostatic mechanism by which cardiac cells suppress normal nuclear import activity to permit gene export required in the development of cellular hypertrophy (Fig. 6 ).
This was demonstrated using two distinct hypertrophic stimuli, phenylephrine and angiotensin II, which produce myocardial hypertrophy through activation of different receptors (12, 49) . Previously, inhibition of nuclear import was observed in cardiomyocytes depleted of cellular Ca 2+ (29) . Although in hypertrophy genes coding Ca 2+ -regulatory proteins can be down-regulated (1-3, 9, 13), it is unlikely that downregulation of nuclear import was due to disrupted Ca 2+ homeostasis. Intracellular Ca
2+
was not different between control and agonist-treated cells (49) , and the purinergic agonist, ATP, which shares with phenylephrine and angiotensin II the ability to activate What differentiates active import from passive diffusion is the requirement for a number of transport factors (14) (15) (16) (17) (18) . While ATP may serve as an energy source, GTP and GDP act as co-factors supporting the activity of guanine nucleotide-binding proteins, such
as Ran, necessary for active nuclear transport (21, 32, 47, 50) . The asymmetry in the Ran-GTP/Ran-GDP distribution determines the direction of nucleocytoplasmic transport.
Ran-GDP on the cytoplasmic side of the nuclear envelope, plus a source of ATP/GTP, appear necessary for import, whereas Ran-GTP inside the nucleus is essential for nuclear export (47) . In fact, the direction of transport through the nuclear pore can be inverted by high concentrations of cytoplasmic Ran-GTP (51). Thus, the observed increase in GTP/GDP ratio along with a redistribution of Ran into the nucleus would favor nuclear export over import in hypertrophied cardiomyocytes.
In cells depleted of energy, molecules that are actively transported accumulate on the cytosolic surface of the nuclear membrane (29) , indicating that targeting and docking to the nuclear pore may be energy-independent, while actual translocation requires an energy source (52) . Nuclear transport is consistently observed in the presence of ATP/GTP-regenerating systems (53) , such as creatine kinase/creatine phosphate, which can support energy-dependent processes even at low nucleotide levels. In accord with a disruption in myocardial metabolism of purine and pyrimidine nucleotides reported in ventricular hypertrophy (54), we find that high-energy containing nucleotides and activities of key phosphotransfer enzymes (33, 34, 55, 56) are reduced in hypertrophied cells. A compromised delivery of energy-rich phosphoryls, in conjunction with altered nucleotide levels, would also contribute to down-regulated nuclear import.
Decrease in the percentage of open nuclear pores on the cytosolic side may further limit available gateways for nuclear import in hypertrophy. Closing of the cytosolic mouth of nuclear pores has been associated with impaired import in 14 cardiomyocytes (29) . It has been suggested that nuclear export shares with import same routes, namely the central channel of nuclear pore complexes (17) . The net direction of transport would depend on relative rates of export and import (17, 21) . Evidence for asymmetric closure of the nuclear and cytoplasmic faces of nuclear pores has been recently demonstrated (24) . Therefore, closing of the cytosolic side of nuclear pores, while leaving the nuclear side of the pore open would favor nuclear export over import (Fig. 6 ).
Leptomycin B inhibits nuclear export upstream of the translocation through the nuclear pore complex, by binding to the nuclear export mediator exportin and preventing binding of other proteins for export (44) (45) (46) 57) . Inhibition of nuclear export in hypertrophied cardiac cells, using leptomycin B, restored nuclear import. Thus, reversible down-regulated nuclear import may be a required adaptation due to the necessity for increased nuclear export in hypertrophy. By down-regulating nuclear import, a hypertrophied cell would free routes for unobstructed export securing massive and fast exit of mRNA out of the nucleus to ribosomes for de novo protein synthesis.
Hypertrophied cells undergo profound phenotypic changes requiring increased processing and delivery of genetic information across the nuclear membrane. This study provides first evidence that hypertrophied cardiac cells support demand for increased nucleocytoplasmic communication through an adaptive down-regulation of nuclear import compensating for the limited total nuclear transport capacity. Closure of the nuclear pore complex restricted import at the translocation step, whereas altered bioenergetics and nuclear factor redistribution favored export over import. Such cellular remodeling could guide traffic of genetic material and other macromolecules across the nuclear envelope, and thereby directly contribute to the development of the hypertrophic cellular phenotype. export and import share the same transport pathway through the nuclear pore. Under hypertrophy (right), enhanced export is favored over import due to structural restriction (i.e., plugging of the cytosolic surface of the nuclear pore), impaired energy delivery to the pore (i.e., reduced phosphotransfer catalytic activity and nucleotide levels), and redistribution of nuclear transport factors (i.e, GTP/GDP ratio and Ran).
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